The effect of microshot peening on the surface characteristics and fatigue life of spring steel SUP9 was investigated. In the experiment, the projective method of the microshot was of the compressed air type. The microshot of 0.1mm diameter was high-carbon cast steel, and the workpiece used was the commercially spring steel JIS-SUP9. The effect of the intermittent shot peening on the surface hardness was also studied. The surface layer of the workpiece was sufficiently deformed by microshot peening. The microshot peening process was very efficient in improving the fatigue life of spring steel. It was found that the use of the microshot was found to cause a significantly enhanced peening effect for spring steel.
Introduction
The shot peening process is a widely used as a surface treatment method for improving fatigue strength and antiwear characteristics. This is a cold working process in which the surface of the material is impacted by small diameter steel balls called shots. The surface of the material receives a so-called peening effect where strong local deformation forms a work-hardened layer or causes compressive residual stress (Schulze, 2006) . In this process, the medium consists of small spheres, which are usually made of high-carbon cast steel; the diameter of the spheres is in the range from 0.6 to 1.2 mm. More recently, a new type of microshot has been developed to enhance the peening effect (Oguri, 2011) . The diameter of the new spheres is in the range from 0.02 to 0.15 mm. This process is drawing attention, as it can reduce surface roughness induced notch sensitivity while maintaining increased the peening effect. However, research on such new shot materials is still in its infancy (Ito, 1999) . Research into the peening effect of microshot on surfaces and fatigue characteristics is still scarce (Inoue, 2003) .
In the present study, the effect of microshot peening on the surface characteristics and fatigue life of spring steel SUP9 was investigated. The effect of the intermittent shot peening on the surface hardness was also studied.
Experimental techniques
The workpiece was commercial spring steel JIS-SUP9. The chemical composition of the spring steel is given in Table 1 . To evaluate Vickers hardness and fatigue limit, two types of the workpieces were used in this study. In the measurement of hardness, the dimensions of the workpiece are 16 mm in diameter, 10 mm in thickness. The surface of the workpiece was hand polished on the abrasive papers, and all workpieces were normal heat treated prior to microshot peening. In the measurement of fatigue life, the workpieces were machined in hour-glass shape as shown in Fig. 1 .
In the microshot peening process, the equipment was used an air-type machine with an air-orifice diameter of 3 mm and an injection-nozzle diameter of 6 mm. The peening conditions were controlled in the experiment. The microshots used were high-carbon cast steel with an average diameter of 0.1 mm. Air pressure was 0.6 MPa and peening time was in the range of 10-100 s. The media were accelerated in a direction perpendicular to the surface of the workpiece. The distance between the nozzle and workpiece was 150 mm. The conditions used for the shot peening experiment are summarized in Table 2 .
To investigate the effect of microshot peening on fatigue characteristics, the out-of-plane bending fatigue tests were carried at a frequency of 200 cycles/min. S-N curves were established for unpeened and peened conditions. The cycles of 10 7 were taken as limiting number for evaluation of fatigue properties. Table 1 . Chemical compositions of SUP9 steel (mass %). Surface roughness and Vickers hardness for the peened workpiece were measured. The distribution of the hardness at the side surface was measured as a distribution in the thickness direction. The Vickers hardness test was performed with a microhardness tester.
Experimental results
The relationship between the surface roughness and peening time is shown in Fig. 2 . The workpieces were peened at 0.6 MPa in the range of 10-100 s. As the peening time increases, surface roughness decreases. However, it is steady at about Ra = 1.25 over 50 s. Due to small shot media, the surface structure is not changed. It was found that the microshot peening process was a very effective means of reducing surface defect.
Vickers hardness of the peened workpiece was measured to examine the effect of the microshot peening on the workpiece. The distributions of the measured hardness in the thickness direction are given in Fig. 3 . The workpieces were peened in the range of 10-100 s. The hardness was about HV560 for the base metal, and it was increase to a maximum value of HV620 for the peened workpiece. This is because the inside layer strain harden during cold working. The plastic deformation induces work hardening to a depth of about 70% of the microshot diameter. On the other hand, the hardness of the top surface layer was lower than that of the base metal. The reason was that the decarburized layer was formed in the surface layer during heating operation.
From the results shown in Fig. 3 , the variations of the depth-dependent hardness with peening time are replotted in Fig. 4 . The value of Vickers hardness is lower when the peening time is short. However, the hardness inside the material gradually increases with an increase in peening time. Maximum hardness is steady at about HV620 over 60 s. In the present study, the intermittent shot peening process was also tried to examine the effect of the time interval on the surface hardness of the workpiece. This new operation is different from the dual shot peening process. Dual shot peening (DSP) is referred to also as "Two-stage shot peening". In general, the DSP is used to improve fatigue properties beyond that of a single peened surface (Eto et al., 2003) . The DSP involves first peening with a larger shot and then re-peening with a smaller shot. In the case of the intermittent shot peening (ISP), peening was done at a fixed time interval by using the same shot size. The ISP was done at a controlled interval time. The total time spent on intermittent shot peening was 60 s in this study.
The hardness profiles for four levels of peening are shown in Fig. 5 . The interval time was 5-30 s. The hardness near the top surface increased. This is one reason that dynamic recrystallization occurs during shot peening. Since heat generated in this area is mainly due to plastic deformation, dynamic recrystallization may occur during deformation. When a metal deforms in conditions such that dynamic recrystallization may occur, the top surface layer is hardened. On the other hand, the value of the maximum hardness in the ISP is lower. The degree of hardness inside the material depends on the formation of the work-hardening layer. However, the reason why these phenomena appeared has not been completely clarified.
From the results shown in Fig. 5 , the variations of the depth-dependent hardness with the number of times are replotted in Fig. 6 . Although the value of the hardness is higher slightly when the number of times is 3, the value of the hardness is not influenced by the number of the times. On the other hand, a comparison was made between the value of the hardness in the interval time 5s with that of the hardness in the interval time 30 s. When the interval time was short, the value of the hardness was higher (See Fig. 7 ). In general, shot peening is known as the surface treatment that is able to improve the fatigue life. To examine the effect of microshot peening on fatigue strength, fatigue test was carried out in the out-of-plane bending fatigue tests. The S-N curves of the no-peened and peened workpieces are plotted in Fig. 8 . The S-N diagram plots stress amplitude versus number of cycles to failure. The peening time is 60s. Compared to the no-peened workpieces, microshot peening improves the fatigue life. The microshot peening process improves the fatigue life, especially at a high number of cycles. The peening effect is notable. In all workpieces, the fatigue crack nucleation site was from the outer surface of the workpiece (See Fig. 9 ). 
Conclusions
The effect of microshot peening on the surface properties and fatigue life of spring steel JIS-SUP9 was investigated. The results obtained are summarized as follows.
(1) As the peening time increased, surface roughness for the peened workpiece decreased. The use of microshot was the very effective means of reducing surface defect. (2) When the workpiece was peened at 0.6 MPa over 60 s, the plastic deformation induced work hardening to a depth of about 70% of the microshot diameter. The hardness was 560 HV for the base metal and increased to a maximum value of about 620 HV. (3) In the intermittent shot peening, the hardness near the top surface increased. This is one reason that dynamic recrystallization occurs during shot peening. (4) The microshot peening process was very efficient in improving the fatigue life of spring steel, especially at a high number of cycles.
